Purpose: To assess the relative cost-effectiveness of cascade genetic testing in asymptomatic relatives of patients with dilated cardiomyopathy (DCM) compared with periodical clinical surveillance.
INTRODUCTION
Heart failure is a leading cause of morbidity and mortality, posing a significant health and economic burden on both patients and society. The prevalence of heart failure rises with age to about 12% in those over the age of 60 years, and about 5% of people above this age have impaired systolic function. 1 Dilated cardiomyopathy (DCM) is a common cause of heart failure and is defined as a primary myocardial disorder characterized by left ventricular (LV) dilatation and contractile dysfunction in the absence of abnormal loading conditions or coronary disease sufficient to cause global systolic dysfunction. 2 The prevalence of asymptomatic idiopathic DCM is likely to be ≥1 in 250 individuals 3 with approximately 20% to 35% of DCM cases reported as familial, although with incomplete and age-dependent penetrance. 4 Genetic testing is not routinely recommended for all patients diagnosed with DCM and their relatives. 5, 6 According to these guidelines, genetic testing is recommended for patients who have DCM with associated significant cardiac conduction disease and/or a family history of premature unexpected sudden death. 5, 6 Of the large number of known disease and candidate genes for DCM, certain core genes have robust evidence of causation (i.e., TNb, LMNA, MYH7, TNNT2, BAG3, RBM20, TNNC1, TNNI3, TPM1, SCN5A, PLN) and should be included as part of any planned genetic testing approaches. 7, 8 The diagnostic yield is estimated to be approximately 25-40% in families with autosomal dominant inheritance and 8-25% in isolated cases of DCM. [9] [10] [11] [12] [13] In the absence of genetic testing, it is recommended that all close blood relatives of individuals with suspected familial DCM undergo a lifetime of periodical clinical surveillance. 14 periodical clinical surveillance of relatives typically occurs at a frequency of 1-5 years and involves clinical screening with physical examination, electrocardiography, and echocardiography.
In clinical practice, however, genetic testing for DCM has its limitations. Although new sequencing technology unravels a large number of variants, a major challenge is to determine the variants that are likely to be disease-causing. For example, in some cardiomyopathy-related genes, rare or even high impact variants (i.e., those that significantly alter the encoded protein) that were previously thought to be potentially pathogenic have been subsequently observed in a reference population database, thus casting doubt regarding their true clinical association. 15 Nevertheless, genetic testing for DCM may have important implications for the management of family members. If a genetic diagnosis is confirmed in the proband, that information can allow for the early identification of relatives with the pathogenic variant. Identifying those relatives means that they can be targeted for closer surveillance, which may facilitate earlier introduction of heart failure-related treatment. Also, identifying relatives without the pathogenic variant means they can be released from all future clinical surveillance and their offspring have no risk of carrying the gene, which has psychological benefits for the individual as well as economic implications.
The main objective of the present study is to assess the relative cost-effectiveness of the addition of genetic testing in individuals with DCM to inform risk assessment and guide clinical surveillance through cascade testing in asymptomatic relatives of patients with DCM compared with periodical clinical surveillance without genetic testing.
MATERIALS AND METHODS

This economic evaluation builds upon a Melbourne Genomics
Health Alliance's DCM study. In this study, 87 patients with idiopathic DCM or other nonhypertrophic cardiomyopathies (e.g., restrictive cardiomyopathies) underwent exome sequencing between April 2016 and September 2017. Criteria for offering exome sequencing were (1) diagnosis under the age of 40, or (2) had a family history (>2 members per family) of DCM and/or early (<35 years) sudden unexplained death. Patients with previously recorded hypertension were included if it was thought that mildly elevated blood pressure might be an amplifier of the phenotype rather than the primary cause of the DCM. Eligible patients were enrolled within Melbourne, Australia from four tertiary cardiovascular centers. Variants were rigorously classified based on principles outlined by the American College of Medical Genetics and Genomics (ACMG) standards for interpretation of sequence variants. 16 Variant classifications were reviewed in a multidisciplinary team meeting attended by clinical geneticists, cardiologists, genetic counselors, medical scientists, and bioinformaticians. For the purposes of the cost-effectiveness modeling, and given the uncertainty and lack of evidence on how the condition is likely to progress in people with variants of unknown significance, a conservative dichotomous assumption was used to indicate that a pathological variant is either found or not found.
All dollar amounts are Australian Dollars.
This study seeks to model the benefits of genetic testing for DCM on family members based on adult clinical data collected from the Melbourne Genomics DCM study and evidence published in peer reviewed literature. An expected value analysis was applied on a hypothetical cohort of clinically unaffected first-degree relatives whose proband had a clinical diagnosis of DCM. The starting age was 18 years and the cohort was tracked annually until death. Similar to other studies in the cardiac genetic literature, 17 it was assumed that cascade testing would be undertaken at the age of 18 to remove ethical concerns related to predictive genetic testing of children. The study received Human Research Ethics Committee approval (HREC/13/MH/326) and complied with the Declaration of Helsinki. Participants provided written informed consent.
Decision model
A model-based cost-utility analysis was undertaken to compare the cost-effectiveness of cascade genetic testing in asymptomatic relatives of a patient with DCM compared with periodical clinical surveillance based on the outcome of cost per additional quality-adjusted life year (QALY). A QALY expresses the quality and quantity of life in a common metric and allows for comparison across diseases and conditions and it is the recommended outcomes measure for economic evaluation in Australia 18 and abroad. 19 The analysis was undertaken from the perspective of the Australian health-care system. All costs are presented in 2018 Australian dollars (currently 0.63 euro, 0.72 US dollars). An annual discount rate of 5% was applied for both costs and outcomes per Australian Pharmaceutical Benefits guidelines. 18 A lifetime horizon was adopted and when more than one source was available to inform model parameters, evidence was synthesized using Bayesian methods.
Model structure
A decision-analytic model, combining a decision tree and a Markov model, was used to describe the options being compared and the possible pathways following them (Fig. 1) . The decision tree replicates the cascade genetic and periodical clinical surveillance pathways faced by a relative of a DCM diagnosed proband. Cascade genetic testing is offered to those relatives whose proband returns a positive genetic diagnosis. Given the evidence suggesting that not all relatives take up genetic testing, the model allowed 40% of relatives to accept cascade testing. 20, 21 For these relatives, an identification of a pathogenic variant will mean a lifetime of periodical clinical surveillance. If a variant is not identified, relatives are at a population-level risk of developing the condition and, therefore, will be exempt from clinical surveillance. For relatives who have agreed to take up genetic testing it was assumed that they would then accept periodic surveillance in the presence of a positive test result. In the "no genetic testing" arm and the arms for which a genetic diagnosis has not been confirmed, relatives have the option to accept or decline periodical clinical surveillance. Evidence suggests that about 48% of firstdegree relatives are expected to accept clinical surveillance in the presence of an unknown proband genetic diagnosis. 20, 21 Subsequently, the natural history of relatives was simulated in annual cycles using a Markov model. Relatives with a pathogenic variant started in a clinically unaffected state and could either remain unaffected or move into one of three states: preclinical/mild DCM (MDCM), a state with features of early DCM with a normal sized or mildly dilated left ventricle; 22 DCM; and death. MDCM and DCM were health states that encompassed the gradual decline of a patient's health status associated with progression of cardiomyopathy until they received advanced treatments such as an implantable cardioverter defibrillator (ICD), or died from sudden cardiac death (SCD) or from other causes. The model structure of patients with a pathogenic variant clinical pathway is shown in Fig. 2 . Patients without a pathogenic variant enter a Markov model that has two arms: alive or death from other causes. The model was developed in TreeAge Pro 2018 software.
Probabilities
In the analysis it was assumed that familial DCM occurs in 35% of idiopathic DCM cases. This average estimate is based on clinical and family studies in DCM summarized in a review by Burkett et al. 23 Recent genetic studies on patients with familial DCM have identified a monogenic cause in 17.4-50% of patients. 10, 24 In the Melbourne Genomics DCM study, as a result of a more stringent classification (in particular with the classification of truncating TTN variants), the need to establish gene-disease associations, and the inclusion of patients without a family history of DCM, the diagnostic rate of finding a monogenic cause was 13.7%. We therefore estimated that with the current state of evidence, a causative variant cannot be established in the remaining 21.3% (familial prevalence of 35% in DCM pathogenic variant yield 13.7%) of individuals with DCM.
Assuming an autosomal dominant transmission, firstdegree relatives have a 50% chance of inheriting a pathogenic variant, and therefore, only 17.5% of our modeled cohort was expected to have a monogenic cause of DCM (i.e., 50% × 35%). In a cohort of first-degree relatives, about 7% (i.e., 13.7% × 50%) would be expected to have an identifiable variant. Health state transition probabilities were estimated based on various published data sources, representative of an at-risk individual of DCM (Table S1 ). The probability of receiving an ICD was based on a study by Gigli et al. 22 and encompassed both the probability of receiving an ICD or cardiac resynchronization therapy (CRT). The annual risk of all-cause mortality was based on Australian life tables obtained from the Australian Bureau of Statistics. 25 The only distinction between genetic testing and periodical clinical surveillance in terms of clinical outcomes was for the patients who were receiving periodical clinical surveillance relative to those who were not. It was expected that an individual who agrees to genetic testing and is gene positive would also agree to periodical clinical surveillance. A relative risk difference of 1.9 for SCD was applied between genepositive family members receiving periodical clinical surveillance compared with their counterparts who were not once DCM symptoms have been developed. 26 
Outcomes
Age group-specific Australian population utility data were applied to clinically unaffected and gene-negative health states. 27 A gene-negative diagnosis (no pathogenic variant identified) has been linked with a utility gain. 17 We assumed that the utility gain is temporary (lasting a year) with individuals adapting and returning to standard population mean scores. DCM utility values were sourced from a study by Ingles et al., 28 in patients with cardiac genetic diseases (Table S2 ). The study also collected information on at-risk relatives. Participants completed the Short Form-36 (SF-36) measure and their responses were converted to SF-6D utility scores using Australian population norm utility weights. 27 To estimate QALYs, utility scores were combined with estimates of the duration within the different health states.
Costs
Australian health-care perspective was adopted and costs were sought from the National Hospital Cost Data Collection Report Round 20 (2015-2016), 29 the Australian Medicare Benefits Schedule 30 and Pharmaceutical Benefits Schedule, 31 and the Victorian Clinical Genetics Services price list (available from vcgs@vcgs.org.au). These are shown in Table S3 . Where necessary, costs were inflated to 2018 dollars.
The cost of performing exome sequencing with analysis of up to 100 genes in a proband was $1200 and the initial and follow-up genetic counseling costs were $184 and $147 respectively (Table S3 ). 32 These costs were spread across the number of relatives that the proband's genetic test results would benefit. Based on data collected as part of the Melbourne Genomics DCM study, the number of firstdegree relatives who could benefit from a proband's genetic test results was five. The cost of cascade genetic testing incurred by a relative was $250 and a relative incurred the same genetic counseling costs as a proband.
Clinical surveillance involved consultation with a cardiologist, electrocardiography, and echocardiography and the costs are listed in Table S3 . Surveillance occurred every 2 years and the sensitivity analysis accounted for clinical surveillance occurring with a frequency of 1 to 5 yearly. 33 Event costs for ICD/CRT implant and SCD were also included using unit cost estimates from National Hospital Cost Data Collection Report Round 20 (2015 Round 20 ( -2016 . 29 The cost of the ICD/CRT implant was weighted based on the rates observed in the Gigli et al. study. 22 The annual cost of the pharmacological management of DCM included the average costs of guideline-directed medical therapy. 34 These include combination therapy with a cardioselective β-blocker and renin-angiotensin system inhibition with either angiotensinconverting enzyme (ACE) inhibitors, angiotensin receptor blockers or angiotensin receptor-neprilysin inhibitors and/or aldosterone antagonists with loop diuretics. The annual cost of managing MDCM included the average medication dose and costs of an ACE inhibitor. 34 No medications were assumed for individuals at risk of DCM.
Cost-effectiveness analyses
Results were presented using incremental cost-effectiveness ratios (ICERs). Base-case analysis presented results for a cohort made up of only first-degree relatives. In a sensitivity analysis, the cost-effectiveness of cascade testing in first and second-degree relatives was assessed. For this analysis, the rates of genetic diagnosis and test acceptance rates changed based on the relationship of the relative but the clinical pathway probabilities of a genetic DCM patient remained the same. The composition of the modeled cohort including both first and second-degree relatives was assumed to be made up of 70% first-degree relatives to reflect on average the published evidence. 20, 21, 35 Given the Melbourne Genomics DCM study identified that exome sequencing would benefit five first-degree relatives, it was assumed that the number of first and second-degree relatives who could benefit from a proband's exome sequencing results was seven. Sensitivity analyses were conducted to explore the robustness of the results to plausible variations in key assumptions and variations in the analytical methods used, and to consider the broader issue of the generalizability of the results. One-way sensitivity analyses explored how ranging key model inputs over plausible ranges impacted on model results using a tornado diagram. The probabilistic sensitivity analysis explored the effect of the uncertainty around the mean values of each model parameter on model results using a Monte Carlo simulation. Within each simulation, parameter values were randomly drawn from relevant probability distributions. Cost parameters were given a gamma distribution, while utilities and transition probabilities were given a beta distribution. 36 The proportion of probands with a monogenic cause and the proportion of probands identified by exome sequencing were given a beta distribution. Where standard errors were required and were not reported in the sources used, it was assumed the standard error was equal to the mean. 36 The lifetime costs and effects of an atrisk relative were simulated 10,000 times using Monte Carlo second-order simulations. To present the proportion of simulations that favored cascade genetic testing over clinical surveillance alone at each threshold of willingness to pay, costeffectiveness acceptability curves (CEACs) were used. 36 A CEAC summarizes the decision uncertainty in the costeffectiveness results by showing the probability that each intervention is cost-effective across different thresholds of willingness to pay per additional QALY.
RESULTS
The estimated costs and QALYs for patients undergoing the different diagnosis strategies are presented in Table 1 . The addition of cascade genetic testing to guide periodical clinical surveillance of first-degree relatives in probands with DCM resulted in a cost of $3600 per relative. This cost was estimated to be $300 larger per relative compared with periodical clinical surveillance alone ($3300). Cascade genetic testing as a guide for clinical surveillance also led to approximately 15 QALYs per first-degree relative. This was 0.04 QALYs more for genetic testing compared with the estimated benefit of periodical clinical surveillance alone. The incremental cost per QALY of cascade genetic testing compared with periodical clinical surveillance alone was estimated at approximately $6100 for first-degree relatives. This estimate falls well below the established $40,000-$70,000 cost-effective threshold observed in Australian health economic literature. 37 Fig. 3 shows the results of the probabilistic sensitivity analysis. At a threshold of $50,000 per QALY, the probability that genetic testing with clinical surveillance is cost-effective compared with clinical surveillance alone is 90%.
Cascade genetic testing of both first and second-degree relatives resulted in a reduction of costs for the different comparators ($3100 for genetic testing versus $2900 for clinical surveillance alone) and in a difference of $200 per relative. The same QALY gain of 0.04 QALYs was observed for cascade testing of first and second-degree compared with first-degree relatives only. The incremental cost per QALY was estimated at approximately $5100.
The results of one-way sensitivity analyses are presented in the tornado diagram of Fig. 4 and Table S4 . The results suggest that the model may be sensitive to certain parameters but still supports base-case analysis. The results were sensitive to the number of relatives who benefit from proband exome sequencing as well as its cost and detection rate. The detection rate of probands identified by exome sequencing was tested to an upper bound limit of 35%. This represented a scenario in which exome sequencing was able to identify all probands carrying an underlying monogenic cause for DCM. When the detection rate rose, the cost-effectiveness of cascade testing increased.
DISCUSSION
This study assessed the cost-effectiveness of cascade genetic testing in asymptomatic relatives of a patient with DCM compared with periodical clinical surveillance. The strength of genetic testing is its potential to discharge those without a disease-causing variant from a lifetime of clinical surveillance. Our main results showed that cascade genetic testing following exome sequencing in the proband is very likely to be costeffective compared with periodical clinical surveillance alone. Similarities in the cost of genetic testing and the management guidelines for the treatment of DCM, 6, 34 as well as extensive sensitivity analyses conducted as part of the economic evaluation, are likely to support the generalizability of our findings to other contexts, such as the United States and Europe. Similar to our findings, other studies have also found that the addition of cascade genetic testing to routine clinical surveillance is cost-effective in the care of families with other forms of cardiomyopathy in Australia and the UK. 17, 38 In comparison with these studies, this analysis did not assume that all relatives would undergo predictive genetic testing if it was available, or that they would all attend for regular clinical surveillance in the absence of a genetic diagnosis. The inclusion of "real-world" acceptance rates for cascade genetic testing and periodical clinical surveillance was crucial in reflecting the closest costs and benefits of genetic testing for DCM. This may be a reason as to why cost-effectiveness estimates in this study are substantially larger, although still well below the established threshold of willingness to pay per additional QALY threshold in Australia. The higher costings could also be attributed to the lower monogenic origin of DCM compared with other genetic conditions such as hypertrophic cardiomyopathy (HCM). Previous modeling studies for HCM have implemented a diagnostic yield of 63% (refs. 17, 38 ) , although recent evidence suggests that diagnostic yield in HCM ranges between 32% and 42% (refs. 15, 39 ) . In this analysis a diagnostic yield of 13.7% for DCM was used. These studies also modeled less expensive and less advanced tests rather than the exome sequencing that was used in our analysis.
DCM genetic testing is recommended for a subset of patients who have DCM and significant cardiac conduction disease and/or a family history of premature unexpected sudden death. 5 In contrast, genetic testing is recommended for any patient with an established diagnosis of HCM. 40 These recommendations were published 8 years ago and do not take into account the recent improved analytical approaches with the use of next-generation sequencing strategies with associated lower costs. Indeed, our findings indicate that genetic testing in patients with DCM is very likely to be costeffective and thus should be offered to more patients with DCM than is currently recommended.
A limitation of genetic testing for DCM in clinical practice is the diagnostic rate of exome sequencing. The value used within the model was based on the Melbourne Genomics DCM study. If a proband returns an uninformative genetic finding this means that unless their variant is identified in the future, relatives are resigned to a lifetime of clinical surveillance, a similar situation to if exome sequencing for the proband was not available at all. When varying the diagnostic rate in the sensitivity analysis across plausible ranges, genetic testing remained cost-effective. It is important to consider that the 13.7% diagnostic rate used in this study is based on data collected as part of the Melbourne Genomics DCM study. In this study, testing was only offered to those diagnosed under the age of 40 or those with a known family history of DCM or early SCD. If genetic testing for DCM was adopted as part of routine care, variation could be expected surrounding the diagnostic pick-up rate.
There are several model limitations to consider. It was assumed that a pathological variant was either found or not found. The effect of additional costs related to genetic testing, such as segregation costs, on model results was captured though the sensitivity analyses. Even when the costs were raised to $2400, genetic testing of first-degree relatives still remained highly cost-effective. Currently no published evidence is available to suggest that cardiac genetic testing results in improved clinical outcomes. For relatives, a genenegative diagnosis means a relative no longer requires periodical clinical surveillance, however, the possible benefits of improved clinical outcomes when a pathogenic variant is identified remain uncertain. In the model, the likelihood of receiving an ICD or the rate of progression from MDCM to DCM did not vary between those who had a genetic diagnosis confirmed and those who did not. The model did however make a distinction between those who were receiving periodical clinical surveillance and those who were not. It was assumed that any individual who agreed to genetic testing and had a gene-positive diagnosis would agree to periodical clinical surveillance. Therefore, the prevention of SCD due to uptake of periodical clinical surveillance was an important focus in our model. A relative risk increase of 1.9 for SCD was based on a study by Grunig et al. that analyzed whether periodical clinical surveillance improved survival outcomes in those with a diagnosis of DCM. 26 The relative risk increase was a very conservative estimate and is the only distinction in outcomes between genetic testing and periodical clinical surveillance. As new evidence in the personalized treatment of at-risk individuals becomes available, the cost-effectiveness of cascade testing is expected to increase.
The utility scores used to inform the effects of each health state were the same as those used in the study by Ingles et al. 17 These values were based on Australian patients and their families using the SF-36. 28 Unlike that study, our model only accounted for a utility improvement higher than general population norms in the first year following a pathogenic variant-negative diagnosis, before reverting back to normal age-dependent population levels. Uncertainty around the utility estimates was explored in deterministic and probabilistic sensitivity analyses, and all reinforced the cost-effectiveness of cascade genetic testing. Further research, using different patient-reported outcome measures, is needed to determine how DCM impacts on broader aspects of a person's quality of life and wellbeing.
In conclusion, this article suggests that the addition of genetic testing in asymptomatic relatives of patients with DCM to guide periodical clinical surveillance is cost-effective in comparison with periodical clinical surveillance alone. As the DCM pathogenic variant detection rate rises and new evidence for personalized treatment of at-risk individuals becomes available, the cost-effectiveness of cascade testing will further increase. This has important implications for the evaluation of DCM and suggests that those with a family history of the condition should have improved access to specialized cardiac genetic services.
